Introduction
Peripheral T cell lymphomas (PTCLs) represent approximately 12% of lymphoid neoplasms (1). Their incidence varies in different countries and races, being higher in areas where human T cell lymphoma/leukemia virus-1 is endemic (Asia, the Caribbean basin, and some parts of the United States) (2). PTCLs are a heterogeneous group of tumors that in the Revised European-American Lymphoma (REAL)/WHO classification are roughly subdivided into specified and unspecified (U) forms (1, 3). The latter group, corresponding to about 60%-70% of PTCLs, cannot be further classified on the basis of morphology, phenotype, or conventional molecular studies (1, 4, 5).
PTCLs/U usually occur in the fifth to sixth decade, with a maleto-female ratio of 1:1 (4, 6, 7). They present as nodal or extranodal disease in 22% and 16% of the cases, respectively, but more often have a widespread dissemination (stage III-IV) with nodal, skin, liver, spleen, bone marrow, and peripheral blood involvement (4, 6, 8) . B symptoms are recorded in about 45% of cases at diagnosis. A hemophagocytic syndrome characterized by fever, cytopenia, and spleen/liver enlargement may also be encountered (4, 6, 8) .
Tumor morphology is highly variable, comprising cells of different sizes and shapes (3). PTCLs/U may contain prominent reactive components, including small lymphocytes, eosinophils, plasma cells, histiocytes, and epithelioid elements (3, 9, 10).
Immunohistochemistry generally shows T cell-associated molecule expression, although the phenotypic profile is aberrant in about 80% of cases, with CD5 and CD7 as the most common defective antigens (11, 12) . Nodal cases are more often CD4 + , whereas extranodal cases are more often CD8 + . In 50% of cases, however, the 2 antigens are either coexpressed (double-positive) or not expressed at all (double-negative) (12) .
Clonal rearrangements of T cell receptor-encoding genes are generally detected (13) . The karyotype is aberrant in more than 80% of cases and often characterized by complex abnormalities. However, specific alterations have not been identified (14) . Recently, some recurrent lesions have been documented by comparative genomic hybridization (15) .
Clinically, PTCLs/U are among the most aggressive of nonHodgkin lymphomas. Their response to conventional chemotherapy is indeed frustrating, with 5-year relapse-free and overall survival rates of 26% and 20%, respectively (8) . Neither the morphology nor the international prognostic index significantly correlates with clinical outcome. Recently, new clinical/biological scores have been proposed to help stratify cases into prognostically different subgroups (12, 16) . These scoring systems, however, require further validation.
On a molecular level, the pathobiology of PTCLs/U is poorly understood, like that of T cell neoplasms in general. In particular, few studies have investigated T cell tumor gene expression profiling (17) (18) (19) (20) (21) , and the molecular basis for their clinical aggressiveness remains elusive.
In the present study, we investigate PTCLs/U (the most common subtype of PTCL) to assess whether gene expression profiling can (a) reveal biological diversity; (b) identify their normal, corresponding cellular counterparts; (c) provide a molecular rationale for their aggressive clinical behavior; and (d) indicate novel therapeutic targets.
Results
Gene expression profile analysis was performed on 28 PTCLs/U, to which 6 angioimmunoblastic lymphomas (AITLs) and 6 anaplastic large cell lymphomas (ALCLs) were added for comparison. Tumor samples corresponded to frozen lymph node biopsies collected from 40 patients at diagnosis. Twenty samples of purified normal T cells (including CD4 + , CD8 + , HLA-DR + , and HLA-DRcells), 20 samples of purified normal B cells (including naive cells, centroblasts, centrocytes, and memory cells), and 10 cases of B cell chronic lymphocytic leukemia (B-CLL; chosen as an example of B cell-derived tumor) were also used in the analysis. As expected, an unsupervised clustering method (22, 23 ) (see Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI26833DS1) promptly distinguished between T cell and B cell populations, on the basis of the expression of 327 genes. Within each group, samples clustered on the basis of their nature (i.e., B cells versus B-CLL and T lymphocytes versus PTCLs). When unsupervised analysis was applied to PTCL/U, AITL, and ALCL cases, complete separation could not be achieved among the 3 PTCL histological subtypes. In particular, PTCL/U and AITL displayed a gene expression profile that was quite similar, whereas ALCL tended to cluster more tightly (Figure 1) . Based on the expression of 417 genes, 2 main subgroups were identified, the first containing 19 PTCL/U, 1 ALCL, and 1 AITL (Group 1), and the second containing 5 ALCL, 5 AITL, and the remaining 9 PTCL/U (Group 2) (Figure 1) . Interestingly, the 2 subgroups differed in the expression of genes mainly involved in immune and defense responses (Supplemental Table 1 ), possibly reflecting a difference in the amount of reactive components present in the analyzed samples. In a similar manner, a difference in reactive components may have also prevented a clear-cut distinction among the 3 PTCL histological subtypes in the unsupervised analysis.
PTCL/U derives from mature, activated T lymphocytes of either the CD4 or the CD8 type. As a first step in our investigation, we studied the expression of genes specifically regulated during different phases of intrathymic development (24) . Absence of these genes allowed us to exclude the theoretical derivation of our PTCLs/U from immature T cells, despite the presence of some CD4/CD8 double-positive and double-negative cases at immunohistochemistry (see below). Secondly, we studied PTCL/U for the expression of genes previously shown to be differentially expressed in purified resting (HLA-DR -) and activated (HLA-DR + ) T cells by supervised analysis (Supplemental Table 2 ). We found that PTCL/U gene expression was definitely closer to that of activated T lymphocytes (Figure 2 ). An analogous investigation was performed using a profile of genes differentially expressed between purified CD4 and CD8 T cell subsets (Supplemental Table 3 ). The analysis revealed that some PTCLs/U were more closely related to CD4 cells, whereas others were closer to CD8 ( Figure  3) . Accordingly, PTCL/U could be divided into 2 subgroups, based on similarity to normal cellular counterparts. Interestingly, the comparison between the gene expression patterns (CD4/"helperlike" and CD8/"cytotoxic-like") and the immunohistochemical search for CD4 and CD8 antigens in routine sections showed a partial dissociation of the 2 parameters. In fact, both samples with a "helper" and "cytotoxic" gene pattern included cases that displayed a CD4 + , CD8 + , CD4 -CD8 -(double-negative), or CD4 + CD8 + (double-positive) profile at immunohistochemistry (see also Supplemental Table 4 ). Finally, we looked for the expression of genes characteristic of different functional stages of T cells, such as Th1, Th2, T follicular helper, T central memory, and T effector memory (25, 26) , in our PTCLs/U. None of these signatures was unequivocally present in our series.
Together, our results indicate that on a molecular level, some PTCLs/U are more closely related to activated peripheral CD4 T cells, while others are closer to activated peripheral CD8 T cells. Thus, one might speculate that such malignancies can derive from the transformation and clonal expansion of mature activated CD4- or CD8-committed T lymphocytes. Interestingly, immunophenotypic analysis - by simple anti-CD4 and -CD8 antibodies - cannot reproduce the subgroup distinction allowed by gene expression profiling.
PTCL/U differs from normal T cells by the expression of genes involved in matrix remodeling, adhesion, apoptosis, and transcription. In order to identify the genes and cell programs deregulated in PTCL/U, we used a supervised analysis to directly compare tumor cases with the corresponding normal cellular counterparts (CD4, CD8, and activated). To make the analysis more robust, we divided our panel into a training set (17 cases) and a test set (11 cases). The analysis identified 155 genes (91 downregulated and 64 upregulated) that were differentially expressed in PTCL/U compared with normal T cells ( Figure 4A ; for details, see also Supplemental Tables 5 and 6 ). This signature was indeed tumor specific, as it was able to correctly classify all cases included in the test set by using both the classifier ( Figure 4B ) and an unsupervised hierarchical clustering ( Figure 4C) .
Subsequently, these genes were classified according to relevant functional/operational categories and, for the most part, corresponded to cell programs often implicated in tumorigenesis, such as cell adhesion, matrix remodeling, proliferation, apoptosis, and transcription ( Figure 5 ). Such categories remained significantly overrepresented even when the number of genes belonging to each category that were comprised within the GeneChip (Affymetrix) was taken into consideration (P < 0.05) (27) (Supplemental Tables 7 and 8) .
Among others, newly identified genes that are notably overexpressed in PTCL/U include (see also Discussion): (a) FN1 (fibronectin 1), COL3A1, COL4A1, COL4A2 and COL12A1 (all encoding for collagen components), whose expression may be related to the typical invasiveness of PTCL/U (1, 28-30); (b) CYR61 (cysteine-rich 61) and NNMT (nicotinamide N-methyl transferase), which may contribute to resistance to chemotherapy, a common feature of PTCL/U (31-38); and (c) PDGFRA (platelet-derived growth factor receptor, α polypeptide), encoding for a tyrosine kinase possibly involved in neoplastic transformation, whose activity can be inhibited by imatinib mesylate (39, 40) . Within the group of downregulated genes, there were GADD45A and GADD45B (growth arrest and DNA damage-inducible α and β), which are involved in control of apoptosis and whose expression is induced by histone deacetylase inhibitors (HDACi's) (41) (42) (43) (44) (45) .
Immunohistochemical validation on tissue microarrays. To investigate whether or not the upregulated mRNA levels of PTCL/U-associated genes corresponded to elevated levels of the encoded proteins, we stained tissue microarrays (TMAs) containing 148 PTCLs/U (including the cases subjected to gene expression analysis) by using specific monoclonal and polyclonal antibodies raised against the selected molecules (12). In addition, we tried to assess whether the overexpression of some genes was really due to the neoplastic cells or was perhaps secondary to reactive elements.
The expression in PTCL/U cells was confirmed for both PDGFRα and CYR61. In particular, of 148 PTCL/U cases, 133 and 137 could be evaluated for PDGFRα and CYR61, respectively. The remaining 15 and 11 cases were excluded because of core loss, unrepresentative sample, or suboptimal antigen preservation. PDGFRα was strongly expressed by most if not all neoplastic cells in 121 cases (91%). Staining was diffusely cytoplasmic with a certain enhancement at the membrane level in some instances ( Figure 6A ). In 95% of evaluable cases, PDGFRα turned out to be phosphorylated ( Figure 6B ). The anti-CYR61 antibody provided positive results in 132 cases (96%). Interestingly, the staining was not confined to the cytoplasm but also occurred at the nuclear level in a varying proportion of neoplastic cells ( Figure 6C ), a finding previously reported in muscle cell cultures by Tamura et al. (46) . In normal T cells, a faint CYR61 positivity was sometimes observed, always confined to the cytoplasm ( Figure 6C , inset).
With regard to other antibodies, BCL10 was found to be absent in most instances, with the internal positive control provided by a few residual germinal center B cells ( Figure 6D ). More variable results were obtained with antibodies against IGFBP7 and LIFR, which strongly reacted with 56% and 31% of the examined cases, respectively ( Figure 6 , E and F). p27 was detected in the nuclei of most neoplastic cells in 46% of PTCLs/U ( Figure 6G ); in the remaining cases, the number of stained cells did not reach the adopted cutoff value, although a certain number of positive elements was always recorded. Interestingly, the intensity of p27 staining was higher in small to medium-sized cells ( Figure 6G ). In normal controls, about 30% of T lymphocytes showed p27 positivity at the cytoplasmic level ( Figure 6G , inset). Finally, the anti-caldesmon antibody stained the stromal component of the examined cores, but not the neoplastic cells ( Figure 6H ). The immunohistochemical analysis results are summarized in Table 1 .
Taken together, these results indicate that there is a rather good correspondence between mRNA and protein expression. Certainly, the immunohistochemical determination of the latter allows a clear-cut definition of the cellular compartment carrying the phenotypic attribute.
Supervised comparison among PTCL/U, AITL, and ALCL. Notably, the 155-gene signature identified in PTCL/U at supervised analysis ( Figure 4A and Supplemental Tables 5 and 6) was largely shared by ALCL and AITL (Supplemental Figure 2) . This finding might reflect either the influence of reactive components or the existence of common tumor-associated pathways. The latter hypothesis finds some support in the fact that among the deregulated genes, there were those that were demonstrated to be tumor cell-specific by immunohistochemistry on TMAs. Moreover, the deregulated genes included the 91 downregulated genes that were not likely referable to a nontumoral component. A further supervised analysis revealed 28 genes differently expressed between PTCL/U on one hand and AITL and ALCL on the other (Supplemental Table 9 ). Among the latter were MT1E, MT1F, MAP2K2, RAB31, MAFB, SOCS3, and BCL3.
Cell culture experiments. PTCL/U primary cells and normal T lymphocytes were incubated for 48 hours in media containing 10% FBS with or without imatinib at different concentrations (i.e., 1, 5, and 10 μM). Imatinib mesylate induced concentration-dependent growth inhibition of PTCL/U primary cells. In particular, cell viability at 48 hours was reduced by 50% with 1-5 μmol imatinib and by 75% with 10 μmol (Figure 7A ). Repeated experiments prompted us to regard 1 μmol as IC 50 . Imatinib-induced cell cycle arrest and apoptosis were determined by BrdU and annexin V assays, respectively ( Figure 7 , B and C). Notably, the viability of normal cells was not significantly affected by imatinib mesylate exposure ( Figure 7A ).
Figure 4
Supervised analysis of PTCL/U and normal lymphocytes identifies differentially expressed genes. Identification of genes differentially expressed in PTCL/U and normal T lymphocytes. Supervised analysis was performed using 17 samples of PTCL/U (training set) versus the 3 normal T cell subpopulations identified as the closest normal counterparts (CD4 + , CD8 + , and HLA-DR + ). The support value for the analysis was chosen as n = n0 (n0, number of samples in the phenotype set). (A) The analysis identified 155 genes that are differentially expressed in PTCL/U versus all the other samples (Supplemental Tables 5 and 6 ). The expression of the 155 genes was then investigated and validated in an independent test set (11 PTCL/U cases), represented on the right side of the matrix. (B) A cell-type classification is used to measure the relatedness of test set cases to PTCL/U (training set) and normal T cells. The gray area marks 95% of confidence: the P value decreases with increasing distance from the x axis. (C) In addition, the identified 155 genes correctly classified all the 11 PTCLs/U of the test set in unsupervised analysis.
A similar experiment was carried out with ITF2357 (an HDACi) at increasing concentrations (0.5, 1, and 5 μM). By inducing cell cycle arrest and apoptosis, ITF2357 incubation resulted in concentration-dependent growth inhibition of PTCL/U primary cells (Figure 8, A-C) . The viability of normal lymphocytes was only moderately affected by the drug ( Figure 8A ).
The combination of imatinib and ITF2357 did not produce better results than ITF2357 alone (Supplemental Figure 3) . Analogously, the combinations of imatinib and daunorubicin, and ITF2357 and daunorubicin did not improve the results produced by imatinib and ITF2357 alone (Supplemental Figure 3) . In contrast, the triple combination imatinib, ITF2357, and daunorubicin determined a striking cell-viability reduction (Supplemental Figure 3) , secondary to apoptosis induction as revealed by annexin V assay (not shown).
Discussion
This paper has addressed critical questions regarding the cell of origin and pathogenesis of PTCL/U by using gene expression profiling technology in a panel of 28 cases. This panel is relatively large considering the rarity of this tumor in Western countries and the necessity of obtaining high-quality RNA from fresh or frozen material. In addition, this study significantly differs from the few previously published studies (18, 19) since it (a) represents the first analysis performed on the whole genome in such a field; (b) investigates a homogeneous group of PTCLs/U that all underwent biopsy at the nodal level and consist mostly of neoplastic elements; (c) includes a comprehensive group of normal T cells (CD4, CD8, resting, and activated) as a matched control; and (d) provides, for the first time to our knowledge, the rationale for possible targeted therapies in PTCL/U by offering clear evidence of their effectiveness ex vivo. Overall, the panel of cases herein described was sufficient to demonstrate the distinct phenotype of PTCL/U, identify the corresponding normal cellular counterparts, and discover alterations in cellular programs that might be of biological and clinical relevance.
The cellular derivation of PTCL/U. The morphology of PTCLs/U suggests their derivation from mature T lymphocytes. However,
Figure 5
Cellular programs deregulated in PTCL/U. Fifty-seven of the 155 genes found to be differentially expressed in PTCL/U and normal T lymphocytes could be classified according to 7 functional categories known to be particularly relevant to malignant behavior. Gene names are indicated. For description of the matrix, see the legend to Figure 4 . the variable and often aberrant immunophenotype of the neoplastic cells in terms of T cell (47) and activation marker expression (48, 49) does not allow clear recognition of a normal cellular counterpart. The gene expression profile shows that PTCLs/U are clearly distinct from normal T cells, B lymphocytes, and B-CLL, taken as an example of B-derived tumor. Although 28 genes appear to be differently expressed, the molecular profile of PTCL/U is relatively similar to that of ALCL and AITL (Figure 1 ). Whether such similarity is due to the influence of non-neoplastic elements or possibly to the existence of common tumor-associated pathways remains to be elucidated, even if our findings seem to suggest the latter hypothesis. To solve this problem, further investigation with collection and analysis of a sufficient number of cases with purified tumor cells is warranted.
Interestingly, the gene expression profile shows that PTCL/U is more closely related to activated than to resting T cells. As in normal mature T lymphocytes, it is possible to identify 2 main subgroups of PTCL/U, with gene expression profiles related to either CD4 or CD8 elements. Notably, this characteristic does not reflect the immunophenotype with regard to the expression of the CD4 and CD8 antigens. In fact, in our study, PTCLs/U are distributed into the 2 genomic subgroups irrespective of their CD4 + , CD8 + , double-positive, or double-negative phenotype. This phenomenon correlates well with the variable detection of T cell-associated markers, as recently shown by our group on a large PTCL/U series (12) . Accordingly, the expression of CD4 and CD8 molecules cannot be considered a reliable surrogate of the genetic program for the histogenetic subclassification of PTCL/U.
Functional alterations in PTCL/U. This analysis provides several insights into the functional alterations of PTCL/U. A careful comparison of PTCL/U with the closest normal cellular counterparts revealed an extensive deregulation of genes that control functions typically damaged in malignant cells, such as matrix remodeling, cell adhesion, transcription regulation, proliferation, and apoptosis. However, since at the time of this writing only a part of the genes found to be deregulated had been validated, a possible contribution by reactive components cannot be completely ruled out.
Adhesion and matrix remodeling. Several findings in this analysis may explain the unique dissemination pattern of PTCL/U, with extranodal and bone marrow involvement and spreading to peripheral blood (1). The gene expression analysis showed the upregulation of FN1, LAMB1, COL1A2, COL3A1, COL4A1, COL4A2, and COL12A1, which promote local invasion and metastasis in different types of human cancers (28) (29) (30) . Notably, LAMB1 and COL1A2 have been recently included in a so-called "metastasis signature" for solid tumors. In addition, intriguingly, LAMB1 and FN1 can also regulate the apoptotic process through the PI3K/ AKT and MEK1/ERK pathways, respectively (50) .
Apoptosis. Impairment of the apoptosis-proliferation balance is a common event in tumorigenesis. The gene expression analysis in PTCL/U showed the downregulation of several genes involved in apoptosis, including MOAP1, ING3, GADD45A, and GADD45B. MOAP1 contains a Bcl-2 homology 3-like motif that interacts with BAX, mediating caspase-dependent apoptosis (51). ING3 is a candidate tumor suppressor gene, whose expression inhibits cell growth and induces apoptosis (52); its allelic loss or reduced expression was found in human head and neck cancers and is associated with increased resistance to apoptosis (53) . GADD45A and GADD45B regulate apoptosis through p38 activation and JNK inhibition (41) (42) (43) . Intriguingly, the HDACi's can induce the expression of GADD45A and GADD45B in a p53-independent manner (44) and were shown to be effective in the treatment of a PTCL/U patient (45) . Chemosensitivity. PTCL/U is characterized by a very poor response to conventional chemotherapeutic agents and a dismal prognosis (1). For the first time to our knowledge, gene expression analysis has identified genes that may be responsible for this phenomenon. In particular, we found CYR61 and NNMT to be upregulated in PTCL/U. CYR61 is a growth factor-inducible gene that belongs to the CNN family and encodes a matrix-associated protein. It regulates angiogenesis (34, 35) , promoting tumorigenesis and progression in breast cancer (34) ; its hyperexpression confers resistance to chemotherapy-induced apoptosis in breast cancer cells (34, 36) . NNMT is involved in resistance to radiation and chemotherapy, in bladder cancer and papillary thyroid carcinoma, respectively (37, 38) .
Immunohistochemical validation on TMAs. Immunohistochemistry provided substantial in situ validation of the genomic data by showing correspondence between mRNA and protein expression, as seen, for example, with PDGFRA and BCL10. In addition, by comparison with normal tissues, immunohistochemistry allowed the identification of staining patterns corresponding to neoplastic cell synthesis of ectopic or paraphysiologic products (see PDGFRα and its activated form p-PDGFRα, CYR61, and IGFBP7 for the former attribute, and p27 for the latter). Finally, the phenotypic test highlighted the possibility that some of the results obtained by gene expression profiling may depend on non-neoplastic cellular components present in the analyzed sample; the results for caldesmon recorded in our series represent an example of such an event.
PDGFRα and histone deacetylase inhibition as possible therapeutic strategies. The regular detection of PDGFRα overexpression at both the mRNA and the protein levels, as well as its frequent phosphorylation, prompted us to design an ex vivo experiment with the aim of testing the sensitivity of PTCL/U cells to imatinib, a presently available, well-known PDGFRα inhibitor (54) . The obtained results are interesting, with around 50% cytotoxic effect seen at 48 hours with a 1-μmol concentration. This rate became even higher (about 75%) with a 10-μmol dose. Such concentrations are certainly higher than those used for chronic myeloid leukemia; however, they are similar to those proposed for some categories of solid tumors (e.g., Leydig cell tumor and small cell carcinoma of the lung) (55, 56) . Notably, imatinib exerted a limited effect on the viability of normal lymphocytes, whereas daunorubicin resulted in a significant reduction in their vitality (data not shown). It will be of interest to perform further tests on some of the recently developed, more powerful tyrosine-kinase inhibitors.
In addition, evidence for the silencing of genes, possibly regulated by epigenetic mechanisms such as acetylation (see above), prompted us to test a novel hydroxamic acid HDACi (ITF2357) against PTCL/U primary cells. Notably, the compound induced a dramatic reduction in cell viability, with G 0 /G 1 cell cycle arrest and apoptosis at therapeutic concentrations, suggesting a possible role for this class of drugs in PTCL/U therapy. Interestingly, the association of ITF2357 and daunorubicin apparently had a slight additive effect, as already observed with other HDACi's (57) . Finally, the triple combination of imatinib, ITF2357, and daunorubicin produced a remarkable effect on cell viability; it might represent a promising option for future therapeutic applications.
Pathogenetic and clinical implications. The similarity of PTCLs/U with different normal T cell subsets (i.e., CD4 or CD8) may suggest that they derive from different cells, though presenting with a relatively Table 3 ). The complexity of the chromosomal abnormalities might then explain the losses and gains of markers and the final aberrant phenotype. It will now be critical to investigate a larger panel of tumors to see whether these 2 subgroups of PTCL/U have peculiar clinical characteristics as well.
Recently, other groups have investigated PTCL/U by gene expression profile (19, 21) . They proposed the existence of different PTCL/U subtypes, as well as NF-κB activation in a proportion of cases. Such findings might be related to non-neoplastic components more than to intrinsic differences in the neoplastic cells. In particular, the specific signatures were largely based on genes expressed by histiocytes and B cells (19, 21) , while NF-κB activation was detected in samples with highly variable percentages of tumor cells, but not in purified PTCL/U (19, 58) .
Our gene expression profile analysis identified several genes deregulated in PTCL/U that may be responsible for its pathogenesis. Examples include impairment of transcription regulation with disruption of several apoptotic pathways, induction of ECM remodeling and neoangiogenesis, and modification of cellular adhesion properties. Finally, the practical impact of PDGFRα and histone deacetylase inhibition may be the goal of future pilot clinical studies (59) (60) (61) (62) (63) .
Methods
Case selection. Cryopreserved samples of 28 PTCLs/U, 6 AITLs, and 6 ALCLs (4 ALK -and 2 ALK + ) were retrieved from the files of 6 different institutions (Bologna University, Bologna, Italy; Centro di Riferimento Oncologico, Aviano, Italy; Brescia University, Brescia, Italy; Pavia University, Pavia, Italy; Perugia Univerisity, Perugia, Italy; and Turin University, Turin, Italy). Twenty samples of normal T cells were isolated at the National Cancer Research Institute in Genoa; they included 5 samples each of CD4 + , CD8 + , HLA-DR + (activated), and HLA-DR -(resting) T lymphocytes. The tumor cases were selected on the basis of stringent criteria to guarantee the homogeneity of the series studied: (a) lymph node biopsy site; (b) excellent RNA preservation; (c) presence of more than 70% neoplastic cells in the specimen (as assessed on a routine section mirroring the frozen sample); and (d) availability of complete clinical information. The diagnosis of PTCL/U, AITL, and ALCL had been previously confirmed according to the REAL/ WHO classification (1, 3) by at least 2 experienced hematopathologists, who also revised the phenotypic profiles and quantified the reactive components (eosinophils, neutrophils, histiocytes, epithelioid elements, dendritic cells, normal B and T lymphocytes, and high endothelial venules). All samples were obtained at the time of diagnosis, before any treatment. The clinical and histopathological characteristics of the 28 PTCL/U cases are summarized in Table 2 and Supplemental Table 4 , respectively. B-CLL cases and normal B cell populations used for gene expression comparison had been the object of previous publication (64) .
In addition, the paraffin blocks of 300 putative PTCLs, either unspecified or AITL (1, 3), which had been enrolled in the course of a previous national trial (16) , were centralized at the Hematopathology Unit of the University of Bologna. The diagnosis was confirmed in 193 cases (148 PTCLs/U and 45 PTCLs/AITL) by 2 experienced hematopathologists, on the basis of the morphologic and immunophenotypic examination of conventional sections. In particular, the phenotype was assessed by a large panel of reagents against CD2, CD3, CD4, CD5, CD7, CD8, CD10, CD15, CD20, CD30, CD56, CD57, CD79a, TIA-1, granzyme B, ALK protein, and EBER (12) .
Before biopsy, informed consent was obtained from all enrolled patients. The procedure for tissue collection was approved by the ethical committees of the following institutions: Azienda Ospedaliera S. Orsola-Malpighi, Bologna, Italy; Centro di Riferimento Oncologico; Azienda Ospedaliera Spedali Civili, Brescia, Italy; Policlinico S. Matteo, Pavia, Italy; Azienda Ospedaliera, Perugia, Italy; Azienda Sanitaria Ospedaliera Molinette S. Giovanni Battista, Turin, Italy.
Normal T cell isolation. Mononuclear cells from peripheral blood of normal donors were obtained by Ficoll-Hypaque density gradient. T cells were purified from PBMCs by rosetting with neuraminidase-treated sheep erythrocytes followed by depletion of contaminant monocytes (CD11b + ), NK cells (CD16 + ), and B cells (CD19 + ) with the use of magnetic beads (Dynabeads; Unipath) and specific mAbs (BD Biosciences). To obtain CD4 + and CD8 + T cell subsets, PBMC T cells were incubated with anti-CD4 mAb or anti-CD8 mAb, respectively, followed by anti-mouse Ig conjugated with magnetic microbeads. CD4 + or CD8 + T cells were positively selected by collection of the cells retained on an MS magnetic column with a MiniMACS system (Miltenyi Biotec). Resting and activated T cells were prepared from tonsils as described previously (65) . Briefly, tonsils were obtained from 5- to 12-year-old children undergoing routine tonsillectomies, with informed consent. T cell suspensions were purified from tonsillar mononuclear cells as described for peripheral blood. Activated T cells were isolated by incubation with anti-DR mAb, then with anti-mouse Ig conjugated with magnetic microbeads. Magnetically labeled DR + activated T cells were selected by collection of the cells retained over an MS column. The flow-through DR -T cells were recovered as resting T cells. The degree of purification of the cell preparations was greater than 95%, as assessed by flow cytometry.
Gene expression profile generation and analysis. Gene expression profiles were generated and analyzed as previously reported (22, 23, 27, 64, (66) (67) (68) (69) . For details, see Supplemental Methods. We used HG-U133 2.0 Plus microarrays, covering over 47,000 transcripts (Affymetrix). Raw gene expression data are available at http://www.ncbi.nlm.nih.gov/projects/ geo/ (accession number GSE6338).
TMA construction. TMA construction was performed as detailed in a previous publication referring to the same series (12) .
Immunohistochemistry. After appropriate antigen retrieval (70) , the sections obtained from each TMA were tested with specific antibodies against the following molecules: PDGFRA/CD140A (rabbit polyclonal; Santa Cruz Biotechnology Inc.; dilution 1:80 [alkaline phosphatase antialkaline phosphatase, APAAP]), p-PDGFRA (representing the phosphorylated activated form of PDGFRα) (rabbit polyclonal; Santa Cruz Biotechnology Inc.; (77) . Bound antibodies were visualized by either the alkaline phosphatase antialkaline phosphatase (APAAP) complexes technique or the EnVision method (78) . For negative controls, the primary antibodies were omitted. Notably, each TMA was also tested with anti-CD20 and -CD3 antibodies in order to define the amount of reactive B cells present within the neoplastic T cell population.
Criteria for immunohistochemical marker evaluation. Each section was independently evaluated by at least 2 experienced hematopathologists. Cases were considered positive if 30% or more of the tumor cells were stained with antibody. The number of positive cells was estimated by each observer. The intensity of staining was also evaluated, but not used to determine positivity, as it can vary with the degree of tissue fixation.
Cell culture experiments. Neoplastic cells were isolated from the peripheral blood of 3 patients with leukemic-phase PTCL/U resistant to all conventional therapy, after immunohistochemical confirmation of PDGFRα expression. In particular, PBMCs were obtained by Ficoll-Hypaque density gradient. No further selection was required, since 95% of PBMCs corresponded to lymphomatous elements as assessed by morphology and phenotypic analysis. The cells were cultured in RPMI 1640 medium (Cambrex) supplemented by 10% FBS, with or without imatinib mesylate (kindly provided by Novartis), chosen as a PDGFRα inhibitor (79) (80) (81) . The latter was applied at 3 different concentrations: 1, 5, and 10 μM. The initial cell density was 0.5 × 10 6 per milliliter. Cell counts and vitality assessments (by trypan blue) were performed at 0, 6, 12, 24, and 48 hours. In addition, proliferation/cell cycle and apoptosis were evaluated by BrdU and annexin V assays, respectively. All experiments were performed in triplicate. As expected in resistant disease, the viability of the neoplastic cells was slightly affected by 48-hour exposure to daunorubicin. As a control, normal lymphocytes isolated from peripheral blood of healthy donors were cultured under the same experimental conditions. Most, if not all, of these cells died after daunorubicin exposure.
Analog experiments were carried out with ITF2357, a novel hydroxamic acid HDACi (kindly provided by Italfarmaco) tested at concentrations of 0.5, 1, and 5 μM. Finally, analog experiments were performed combining imatinib and ITF2357, imatinib and daunorubicin, ITF2357 and daunorubicin, and all of them together.
Supplemental material. The categories of genes distinguishing PTCL samples in unsupervised analysis are contained in Supplemental Table 1 . The genes differentially expressed in HLA-DR + versus HLA-DR -lymphocytes and CD4 versus CD8 T cells are listed in Supplemental Tables 2 and 3, respectively. Pathologic, immunophenotypic, and histogenetic data on the 28 PTCL/U patients studied by gene expression profiling are provided in Supplemental Table 4 . The up- and downregulation of genes in PTCL/U compared with normal T cells are listed in Supplemental Tables 5 and 6 ; the top 10 categories of genes up- and downregulated in PTCL/U, ranked according to analysis performed with EASE, are reported in Supplemental Tables 7 and 8 . Genes differentially expressed in PTCL/U versus AITL and ALCL are listed in Supplemental Table 9 . Supplemental Methods provides details on gene expression generation and analysis.
